Exposure to organophosphates (OPs) can lead to cognitive deficits and oxidative damage. Little is known about the relationship between behavioral deficits and oxidative stress within the context of such exposures. Accordingly, the first experiment was carried out to address this issue. Male Wistar rats were administered 250 mg/ kg of chlorpyrifos (CPF), 1.5 mg/kg of diisopropylphosphorofluoridate (DFP), or 15 mg/kg of parathion (PTN). Spatial learning in the water maze task was evaluated, and F 2 -isoprostanes (F 2 -IsoPs) and prostaglandin (PGE 2 ) were analyzed in the hippocampus. A second experiment was designed to determine the degree of inhibition of brain acetylcholinesterase (AChE) activity, both the soluble and particulate forms of the enzyme, and to assess changes in AChE gene expression given evidence on alternative splicing of the gene in response to OP exposures. In addition, brain acylpeptide hydrolase (APH) activity was evaluated as a second target for OP-mediated effects. In both experiments, rats were sacrificed at various points to determine the time course of OPs toxicity in relation to their mechanism of action. Results from the first experiment suggest cognitive and emotional deficits after OPs exposure, which could be due to, at least in part, increased F 2 -IsoPs levels. Results from the second experiment revealed inhibition of brain AChE and APH activity at various time points post OP exposure. In addition, we observed increased brain read-through splice variant AChE (AChE-R) mRNA levels after 48 h PTN exposure. In conclusion, this study provides novel data on the relationship between cognitive alterations and oxidative stress, and the diverse mechanisms of action along a temporal axis in response to OP exposures in the rat.
Organophosphates (OPs) are important toxic compounds commonly used for a variety of purposes in agriculture, industry, and household settings (Maroni et al., 2000; Pope, 1999) . These compounds affect a variety of central nervous system (CNS) functions (Pope et al., 2005) . The relation between cognitive and behavioral effects following OPs intoxication has been well studied, and short-term neurobehavioral and emotional deficit in response to chlorpyrifos (CPF) exposure have been reported (Bushnell et al., 2001; López-Crespo et al., 2009) . Other studies have also reported neurobehavioral effects in humans after acute OP poisoning (Rohlman et al., 2011) . In recent years, new evidence has pointed to the propensity of some OPs to cause neurotoxicity, neuroinflammation, and/or neurodegeneration (Ruiz-Muñoz et al., 2011; Tansey et al., 2007) , most likely via oxidative injury. It has also been demonstrated that acute administration of diisopropylphosphorofluoridate (DFP) to rats is associated with a significant increase in biomarkers of reactive oxygen species (ROS) (F 2 -isoprostanes [F 2 -IsoPs] and F 4 -neuroprostanes [F 4 -NeuroPs]) (Zaja-Milatovic et al., 2009) . Other reports have demonstrated CPF-induced ROS generation (Gupta et al., 2010) . In addition, acute CPF exposure in Wistar rats has been shown to cause short-term impairment in sensorimotor and cognitive functions, partly due to changes in brain lipoperoxidation (Ambali et al., 2010) . Only a few studies have addressed the ability of acute parathion (PTN) exposure to elicit oxidative stress (Ojha and Srivastava, 2012) . Given these observations and existing gaps in the literature, the major goal of this study was to investigate and compare the effects of CPF, DFP, and PTN on short-term cognitive and behavioral consequences, relating these effects to the respective efficacy of these OPs to generate oxidative stress.
Acetylcholinesterase (AChE) inhibition and accumulation of acetylcholine at cholinergic synapses is evident within minutes to hours following exposure to OPs (Ecobichon, 1997; Lotti, 2001) . However, the sensitivity of various AChE forms to OPs has yet to be determined. Within the brain, AChE exists in different molecular forms, mainly soluble (salt-soluble): monomeric, dimeric, and tetrameric forms, and particulate membrane-bound oligomeric (detergent-soluble). The tetrameric is the most abundant AChE form in the mammalian brain (Sáez-Valero et al., 2003) . Although the catalytic activity for both forms is analogous, it has been noted that they differ in mediating biological functions, such as plasticity (Kim et al., 2011) and cell adhesion properties (Ray et al., 2010) ; the latter are functions mediated by the AChE particulate form. Several studies have reported that in neurodegenerative disorders, such as Alzheimer's disease (AD), the tetrameric form is selectively lost with a relatively small increase in AChE soluble monomers (Sáez-Valero et al., 1999) . Accordingly, the cholinergic system, and most specifically the AChE particulate form, plays an essential role in modulating cognitive performance in humans, vertebrates, and invertebrates. Therefore, emphasis should be placed on investigating the role of each of the AChE forms in relation to behavioral performance and other parameters. In addition, the recovery of AChE activity following OP exposure may result from increased expression of AChE causing variations in protein levels of each of the AChE forms providing additional rationale for studies aimed at deciphering their relative role in mediating various aspects of OP poisoning. Accordingly, we considered it timely to study the possible differences in OP-induced inhibition of these molecular forms. These observations led us to the second objective of this work, which is closely related to the first one, namely, is there a relationship between the inhibition of the soluble and particulate forms of AChE and oxidative stress? Furthermore, by inference, we questioned if CPF, DFP, and PTN mediate their effect by an analogous mechanism and similar time course? Therefore, a second experiment was designed to determine the degree of inhibition of AChE activity by separating the soluble and particulate forms of the enzyme.
Several studies have suggested that protein product multimerization and membrane-bound properties of AChE (Meshorer and Soreq, 2006; Nijholt et al., 2004) as well as the recovery of AChE can be attributable to the alternative splicing of the AChE gene (Soreq and Seidman, 2001 ). In the CNS, Synaptic AChE-S mRNA is the main transcript expressed. Its product may be in the soluble form or it may be membrane-bound. However, under stress conditions, such as OPs exposure (Evron et al., 2007; Perrier et al., 2005) , the transcription of the readthrough splice variant, AChE-R mRNA increases (Adamec et al., 2008; Farchi et al., 2007) . The AChE-R variant remains as a soluble monomer (Soreq and Seidman, 2001) , and its overexpression may change the balance between the soluble and membrane-bound forms (Sáez-Valero et al., 2003) and consequently their functions, affecting the restoration of cholinergic function.
Finally, acylpeptide hydrolase (APH) has been considered a second target of OPs (Quistad et al., 2005; Rosenblum and Kozarich, 2003) . The role of APH in the CNS is unknown. Notably, APH is significantly more sensitive to inhibition by diclorvos (DDVP) and DFP than AChE (Richards et al., 2000; Pancetti et al., 2007) . APH participates in the degradation of oligomeric amyloid-beta, potentially representing a new therapy aimed at reducing neurodegeneration in the AD brain (Yamin et al., 2009) . Conversely, inhibition of APH may induce neurodegeneration by increasing brain amyloid levels (Salazar et al., 2011) . Accordingly, APH activity studies were incorporated into the study design to allow for comparison on the temporal dynamics of its inhibition by the three OPs with that of AChE.
MATERIALS AND METHODS

Animals.
Male Wistar rats weighing 300-350 g were purchased from Charles River Laboratories (Spain). The rats were housed in groups of three in an environmentally controlled room throughout the experiment (22°C temperature with 0800 h/2000 h light/dark cycle). Food and water were continuously available ad libitum. Animals were acclimated for 15 days to the local conditions prior to experimentation. All procedures were performed in accordance with the Spanish Royal Decree 1201/2005 on the protection of experimental animals, and with the European Communities Council Directive (86/609/EEC).
OPs administration. A single subcutaneous dose, which produces extensive inhibition of brain AChE activity absent signs of cholinergic toxicity was used. CPF at 250 mg/kg (Riedel-de Häen, purity > 99.5) has been previously established in our studies as relevant dose (Cañadas et al., 2005; Cardona et al., 2006; Ruiz-Muñoz et al., 2011) . Additional pilot studies were carried out, establishing 1.5 mg/kg of DFP (Fluka) and 15 mg/kg of PTN (Riedel-de Häen) as optimal doses. These three different doses of OP compounds are able to generate similar maximum peaks of AChE inhibition. Control vehicle (VHC) consisted of corn oil. The injection volume was set at 1 ml/kg.
Apparatus.
Water maze testing was performed in a circular black plastic pool (height: 50 cm; diameter: 150 cm). The tank was filled with clear water kept at 22°C. Twelve black platform holders were attached to the floor of the pool, forming a concentric circle of 12 different positions at 30 cm from the maze wall. During the spatial task, a black escape platform (height: 38.5 cm; diameter: 10 cm) was submerged 1 cm below the surface of the water. The rats could not see the black platform against the black pool because of the lighting conditions. For the visual task, a white escape platform with the upper 1.5 cm above the surface of the water was used. Platforms were located in 1 of the 12 different possible positions. Four starting positions were marked on the outer wall of the maze (N: north, E: east, S: south, and W: west). The swimming activity of each rat was monitored by a small video camera 150 cm above the center of the pool, connected to a video recorder.
Locomotor activity was measured by the VersaMax system (AccuScan Instruments, Inc., Canada). This system consists of eight transparent Plexiglas boxes, equipped with a set of 16 × 16 × 16 photocells spaced 2.5 cm and at different heights within the box, allowing the determination of both horizontal and vertical activity. The boxes were placed in a room at 22°C and with the same light that was used in the animal house during the light cycle.
For AChE and APH activity determination, a DU 530 Beckman spectrophotometer was used (see below).
F 2 -IsoPs and PGE 2 were analyzed by gas chromatography/mass spectrometry (GC/MS; see below).
For the RNA procedures, we used an Applied Biosystems 7300 Real-Time PCR System. Experiment 1. This study was conducted to measure the levels of F 2 -IsoPs and PGE 2 and to evaluate spatial learning in the water maze task. Eighty rats were administered DFP (n = 21), CPF (n = 21), PTN (n = 20), or VHC (n = 17) , and sacrificed at 1 h, 3 h, 24 h, 48 h, or 11 days after exposure (behavioral group) ( Table 1) .
Spatial training (days 1-4). The invisible white platform was placed for half of the animals in each group in quadrant N and for the other half in the opposite quadrant (S). Training was conducted in four-trial sessions with each animal released into the pool from one of the four release sites. The sequence of the four release sites was varied from session to session, but remained identical for all animals within one session. If the platform was not located within the maximum trial duration of 90 s, the animal was taken out of the water and placed on the platform. In either case, the animal was left on top of the platform for a 15-s period. In between successive trials of a session, the animal was held for a 30-s intertrial interval period outside of the pool.
Probe test (day 5-morning). The platform was removed from the pool and each animal was released into the pool for a period of 60 s. Swimming activity was recorded on video and the time spent in each of the four quadrants was recorded.
Reinstating memory test (day 5-afternoon). The animals were again subjected to a spatial training session with the platform in its original position.
Reversal training (day 6-7). Following 2 days without behavioral training or testing, reversal training began. The platform was now placed in the quadrant opposite to the one used during the spatial training; otherwise all training procedures were identical to those described for the spatial training.
Visual task (day 8).
After the reversal training, two additional sessions (morning and afternoon) were carried out to assess each animal's ability to locate the visible platform. These sessions were identical to those described above for the spatial training, except that the visible white platform was used.
Quantitation of F 2 -IsoPs. The animals were decapitated and the whole brains were snap frozen in liquid nitrogen. Next, in compliance with international law, the samples were shipped on dry ice to the United States for oxidative stress analysis. When the samples arrived to their destination, they remained fully frozen.
Total F 2 -IsoPs were determined with a stable isotope dilution method with detection by GC/MS and selective ion monitoring as previously described (Milatovic et al., 2007) . Briefly, the hippocampus was dissected and subsequently homogenized in 5 ml of ice-cold Folch solution (chloroform:methanol, 2:1, vol/vol) containing 0.005% butylated hydroxytoluene (BHT). The second aliquot of the ice-cold Folch solution was used to wash the homogenizer's blade and ensure that all tissue was recovered. Next, the two aliquots were combined and mixed every 10 min over 30 min at 25°C to allow maximal extraction of lipids from homogenized tissue. Two milliliters of 0.9% (wt/vol) NaCl were added and mixed vigorously to the lipid extracts. After centrifuging at 800 × g for 10 min at 25°C, the upper aqueous layer was discarded and the lower organic layer was carefully separated from the intermediate semisolid protein aqueous layer and then evaporated to dryness under a stream of nitrogen . Total lipids were dissolved in 0.5 ml of methanol containing 0.005% BHT, sonicated, and then subjected to chemical saponification using 15% KOH to hydrolyze bound F 2 -IsoPs. The samples were adjusted to pH 3, followed by the addition of 1.01 ng of 15-F 2 α-IsoP-d4 internal standard. F 2 -IsoPs were subsequently purified by C18 and silica SepPak extraction and thin layer chromatography (TLC). Samples were analyzed by pentafluorobenzyl ester, a trimethylsilyl ether derivative, via GC, negative ion chemical ionization-MS.
Quantification of prostaglandin E2 (PGE 2 )
. PGE 2 was measured by stable isotope dilution gas chromatographic/negative ion chemical ionizationmass spectrometric assay (Awas et al., 1996) . Briefly, brain tissue was homogenized in 5 ml of freshly prepared 10 −6 M indomethacin in methanol solvent. The aqueous layer of brain homogenates was dried under the N 2 stream and then resuspended in pH3 water. Internal standard of [ 2 H 4 ]-PGE 2 (2.16 ng) was added to each sample for the C18 Sep-Pak purification. PGE 2 in acetonitrile and methoxylamine HCl solution was extracted with ethyl acetate and evaporated with N 2 . The pentafluorobenzyl esters were purified by a thin layer of chromatography with PGE 2 and PGD 2 methyl esters as TLC standards, and converted to O-methyloxime pentafluorobenzyl ester trimethylsilyl derivatives. PGE 2 dissolved in calcium hydride dried undecane was subjected to GC-MS analysis. GC/negative ion chemical ionization-MS analysis was performed as described previously with M-181 ions for PGE 2 (m/z 526) and the [ 4 H 2 ]-PGE 2 as internal standards (m/z 528).
Experiment 2. This study was designed to determine the soluble-and particulate-specific AChE activity. In addition, APH activity was investigated as a possible secondary target of OPs. Finally, we also carried out studies to determinate changes in AChE gene expression (AChE-S and AChE-R variant). Thirty-five rats treated with DFP (n = 8), CPF (n = 9), PTN (n = 9), or VHC (n = 9) were used and sacrificed at 1, 3, 24, or 48 h after treatment (Table 1) .
AChE (Soluble and Particulate) Activity Determination
Preparation. One hemisphere of each brain was flash-frozen and stored at −80°C. The other hemisphere was immediately homogenized in 0.038M TrisHCl buffer at pH 8.5 at a ratio of 1/10 (wt/vol). Half of the homogenate was ultracentrifuged at 100,000 × g for 60 min. The supernatant was kept for the AChE soluble assay. The pellet was resuspended with 0.038M Tris-HCl buffer at pH 8.5 at a ratio of 1/10 (wt/vol) and 56 µl Triton X-100 at 20% (final concentration = 0.25%) and incubated for 60 min in ice water. Next, the sample was ultracentrifuged at 100,000 × g for 60 min and the supernatant stored for AChE particulate assay and the pellet was discarded. AChE activity was determined spectrophotometrically by adaptation of the Ellman method (Ellman 
Note. Single acute doses: 250 mg/kg of CPF, 1.5 mg/kg of DFP, and 15 mg/kg of PTN. The number of animals for each group is in parentheses.
208 LÓPEZ-GRANERO ET AL. et al., 1961) (Wilson and Henderson, 2007) using acetylthiocholine iodide (9 µl; final concentration = 0.5mM) as substrate for AChE. The sample (10 µl) was mixed with 5,5´-dithiobis-2-nitrobenzoic acid (60 µl; final concentration= 0.33mM), 206 µl of 0.1M Na-phosphate buffer, pH 8. Control measurements were performed by adding tetraisopropyl pyrophosphoramide (ISO-OMPA, 15 µl; final concentration = 50µM), a specific inhibitor of butyrylcholinesterase (BuChE). Enzyme activity was calculated relative to protein concentration by the Bradford method (Bradford, 1976 ) with a glutathione (1mM) standard curve to calculate ChE activity (slope: 0.03470 M −1 /cm) (Wilson and Henderson, 2007) .
APH Activity Determination
Preparation. Triton X-100 at 20% (225 µl; final concentration = 1%) was added to the other half of the homogenate and incubated in ice water for 30 min. Next, the sample was centrifuged at 15,000 × g and the supernatant was used for analysis of APH activity by adaptation of the Perrier method (Perrier et al., 2002) . APH activity was determined spectrophotometrically with N-acetylalanyl-p-nitroaniline (AANA). Briefly, the sample was mixed with 292 µl of 0.2M Tris-HCl buffer pH 7.4 (prepared with 1mM 1,4-dithio-dl-threitol). The reaction was initiated by dissolving 6 µl of 0.2M AANA dissolved in dimethylsulfoxide (final concentration 4mM). The enzyme activity was calculated relative to protein concentration by the Bradford method (Bradford, 1976) with a p-nitroaniline (1mM) standard curve to calculate APH activity (slope: 0.00790 M −1 /cm).
RNA preparation and gene expression analyses. Total RNA was obtained from frozen brains using the TRIzol reagent (Invitrogen). Contaminating DNA was removed with the DNA-free kit (Ambion) and 500 ng RNA was used for cDNA synthesis with an M-MLV reverse transcriptase (Invitrogen) and a mixture of random hexamer primers and oligo-dT (18-mer) primer. Specific primer pairs for both the AChE isoforms R and S (Table 2) were used for expression analysis by real-time PCR performed with the SYBR Green PCR Master Mix kit (Applied Biosystems, Foster City, CA) with the 7300 Real-Time PCR System (Applied Biosystems). Data collection and analysis were performed with System Sequence Detection Software v1.2 (Applied Biosystem). Results were expressed using a ∆∆Ct calculation method in arbitrary units by comparison to a data point from the control samples. The housekeeping gene GADPH was used as a control in all gene expression analyses. Serial dilution of samples served to evaluate primers efficiency and the appropriate cDNA concentration that yields linear changes. Melting curve analysis and amplicons sequencing verified the identity of end products.
Data analysis. Statements of statistical significance are based on a repeatedmeasures ANOVA for behavioral procedures and one-way ANOVA for toxicity evaluation using the Newman-Keuls test for post hoc analysis. Nonparametric ANOVA with Kruskal-Wallis and the Mann Whitney's U test was used for analysis of the biochemical and RNA data owing to the reduced number of subjects for group. The relationship between AChE soluble and particulate forms was analyzed by Wilcoxon matched pairs test. Finally, the correlation between behavioral effects and the generation of oxidative stress was analyzed by Pearson's bivariate analysis. The accepted level of significance for all tests was p ≤ 0.05.
RESULTS
Toxicity Evaluation
Prior to OP exposure, the rats had a similar weight and body temperature (data not shown). However, at 24 h after administration, the PTN treatment caused a decrease in body weight (F (3,80) = 3.357; p < 0.05) and body temperature (F (3,80) = 18.858; p < 0.001) with respect to the VHC group. At 48 h after administration, only loss of body weight (F (3,63) = 5.632; p < 0.05) was noted in the CPF and PTN groups relative to the VHC. Locomotor activity was measured at 24 and 48 h after treatment. Two variables were evaluated: total distance traveled and vertical movements; both variables showed significant differences 24 h after intoxication (F (3,59) = 13.788; p < 0.001) and (F (3,59) = 25.348; p < 0.001), respectively. CPF-(p < 0.05) and PTN-treated rats (p < 0.001) showed both decreased distance traveled and vertical movements relative to the VHC group. At 48 h after administration, a significant decrease was noted only in the vertical movements (F (3,51) = 11.853; p < 0.001) of the PTN group. Thus, only PTN and CPF treatments were associated with changes in weight, body temperature, and locomotor activity; no changes in any of these parameters were noted in the DFP-treated group.
Classical cholinergic signs were not observed for the DFP, CPF, and PTN treatment groups, corroborating earlier studies (Cañadas et al., 2005; Pope et al., 1991) . Pilot studies were also carried out in which we determined the doses for DFP and PTN leading to AChE inhibition (> 50%), absent classical cholinergic signs. Experiment 1. During the spatial task, an animal in the PTN group became ill and was removed from the study.
Spatial training started 72 h after CPF, DFP, and PTN injection. Escape latency (s) was analyzed. The analysis revealed significant GROUP effects (F (3, 31) = 12.000; p < 0.001), specifically for the PTN treatment. The PTN group (p < 0.001) spent more time to locate the platform compared with the VHC group (Fig. 1, panel A) , corroborating the results on traveled distance (cm), where the PTN group traveled a greater distance to locate the platform. The analysis of swim speed (cm/s) showed a significant effect on GROUP by SESSION interaction (F (3, 93) = 3.527; p ≤ 0.001), indicating a lower speed only in the first session for the PTN group (p < 0.001); this compromised performance disappeared in the following sessions leading to a performance indistinguishable from the VHC group. The results for the PTN group suggest a potential deficit in reference memory. The other analyzed variables included the percentage of time spent in each of the three imaginary circular zones of the pool, external, medial, and central. This analysis showed a significant effect on GROUP by ZONE interaction (F (6, 62) = 4.512; p ≤ 0.001). A swimming preference to the external zone (thigmotaxis index) and a reduction in the time spent swimming into the central zone were noted in animals injected with PTN (p < 0.05) relative to the VHC group (Fig. 1,  panel B) indicating an emotional disorder in the PTN group. Data collected during the 60-s probe test did not show significant differences between the various treatment groups, suggesting that all animals swam toward the area in which the platform was originally located. Following the probe test, we carried out a single-session reinstating memory test in which the platform was submerged again, and ANOVA showed a main effect in GROUP by TRIAL interaction (F (9, 31) = 2.520; p < 0.05). The PTN-injected animals (p < 0.001) showed significantly higher escape latencies during the first trial compared with the VHC group, and this effect disappeared in the following trials (Fig. 1, panel C) . The distance traveled (F (9, 31) = 2.592; p < 0.05) showed analogous results. The PTN group traveled a greater distance to locate the platform. During the two sessions of reversal training, the CPF group showed higher escape latencies (Fig. 1, panel D) , leading to a significant effect in GROUP (F (3, 31) = 4.435; p < 0.05) implicating cognitive flexibility and working memory. Animals showed similar performance during the visual task, and all groups located and reached the (now) visible platform without apparent visual and motor damage to any of the group.
Levels of F 2 -IsoPs and PGE 2 on Hippocampus Area After OPs Exposure
We evaluated the ability of CPF, DFP, and PTN to induce hippocampal oxidative stress by measuring the lipid peroxidation product, F 2 -IsoPs. All the DFP groups showed increased levels of F 2 -IsoPs relative to the VHC group. However, the analysis showed a statistically significant difference (p ≤ 0.001) in F 2 -IsoPs levels only at 1 h, 3 h, and 11 days (p < 0.05) following DFP exposure compared with the VHC. Forty-eight hours (48 h) post administration F 2 -IsoPs levels were indistinguishable from the VHC (Fig. 2, panel A) . Rats intoxicated with CPF displayed higher levels (p < 0.05) of F 2 -IsoPs compared with the VHC: 3 h, 24 h, 48 h (p < 0.05), and 11 days (p < 0.001) after administration (Fig. 2, panel B) . Similarly, Figure 2 
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(p < 0.001) in all rats exposed to PTN: 3 h, 24 h, 48 h (p < 0.05), and 11 days (p < 0.001) following intoxication. In addition, PGE 2 levels were evaluated as a proinflammatory response. The analysis established a significant increase (p < 0.05) in PGE 2 11 days after exposure to DFP, CPF, or PTN compared with the VHC (p < 0.05) (Fig. 3) . Accordingly, all three OP treatments led to oxidative injury by increasing levels of lipid peroxidation products.
Statistical Correlation Between Latencies on the Spatial Training and the Lipid Peroxidation
The latencies on spatial training during the second (r = 0.605, p < 0.01), third (r = 0. 370, p < 0.05), and fourth (r = 0. 348, p < 0.05) sessions significantly correlated with levels of F 2 -IsoPs, but not with the levels of PGE 2 . These results suggest a potential relationship between deficits in spatial learning and oxidative stress upon OP exposure.
Experiment 2. One animal in the DFP 3 h group became ill and was removed from the experiment.
Effects of OPs on AChE and APH Activity in Brain
The ability of DFP, CPF, and PTN to inhibit the AChE-soluble, AChE particulate, and APH activity was also assessed over the course of poisoning: 1 h (only for DFP), 3 h, 24 h, and 48 h after exposure for each OP used. The time course for DFP revealed a statistically significant change in AChE soluble (p < 0.05), particulate (p < 0.05), and APH activity (p < 0.05) relative to the VHC, showing inhibition for the three variables studied 1, 3, 24, and 48 h after DFP exposure (p < 0.05) indicating greater neurotoxicity in the DFP group, except for changes in the AChE soluble form, which was not significantly inhibited 48 h following DFP (Table 3) . After CPF exposure, inhibition of the AChE soluble (p ≤ 0.05) and AChE particulate (p < 0.05) forms was noted at 3, 24, and 48 h (p < 0.05) after injection compared with the VHC, leading to increased acetylcholine levels. However, in relation to APH activity, the analysis did not show significant effects for any of the time points post CPF exposure (Table 3 ). In addition, PTN injection interfered with the AChE catalytic activity, leading to inhibition of both the AChE soluble (p < 0.001) and particulate (p < 0.001) forms relative to the VHC for all the times points (3, 24, and 48 h; p < 0.05) after exposure. The data on APH activity did not reveal significant effects of PTN injection at any of these time points (Table 3) .
FIG. 3. Mean (± SEM). Hippocampal concentrations of prostaglandin E2
(PGE 2 ) 11 days following exposure to DFP, CPF, and PTN. *Statistical analyses indicate significant differences between DFP 11 days, CPF 11 days, and PTN 11 days with respect to the VHC. In addition, the balance between the AChE soluble and AChE particulate forms was evaluated by nonparametric analyses. The results showed no significant differences in the abundance of the AChE forms between the DFP, CPF, and PTN groups at any of the examined time points (data not shown), indicating activities for both forms of the enzyme decreased to an analogous degree.
AChE mRNA Synthesis
Alternative splicing of AChE: AChE-S "synaptic" variant and "Read-through" AChE-R variant. Nonparametric analysis of variance (Kruskal-Wallis) showed significant differences between groups (p < 0.05). Specifically, the Mann Whitney's U test revealed a significant increase in AChE-R mRNA levels in the PTN 48 h group versus VHC (p < 0.05) (Fig. 4) , suggesting greater abundance of the soluble and monomeric form in PTN 48 h group. The results for DFP, CPF, and PTN evaluated 1, 3, and 24 h after exposure did not show a significant effect on AChE-R mRNA levels. Data on AChE-S mRNA expression did not reveal significant changes in any of the OP-treated groups compared with the VHC.
DISCUSSION
This study (1) provides novel information on the relationship between short-term behavioral effects and the generation of oxidative stress in response to OPs exposure in rats and (2) establishes a temporal response axis for the effects of CPF, DFP, and PTN in relation to cholinesterase and noncholinesterase factors. Combined, our findings provide new insight into additional and alternative mechanisms that mediate OPs toxicity.
In the first experiment, performance in spatial training was impaired (Fig. 1, panel A) in the PTN-treated animals, suggesting a deficit in reference memory for spatial cues in addition to impairment in retaining spatial information associated with long-term memory (De Bruin et al., 1994) during the reinstating test. Moreover, the PTN group preferentially swam into the external zone (Fig. 1, panel B ) in vicinity to the pool's wall indicating thigmotaxis, related to anxiety (Blazevic et al., 2012) . Previous studies have shown a short-term emotional disorder in response to CPF exposure in the elevated T-maze and the plus-maze model of anxiety (López-Crespo et al., 2009; Sánchez-Amate et al., 2001) . Our data from the reversal task (9 days after OPs administration) revealed an increase in the latencies to locate the platform only for the CPF group. The ability to learn a new position of the platform implies cognitive flexibility and working memory (De Bruin et al., 1994) . Neurocognitive decline in response to CPF treatment has been previously shown after acute OPs exposure in the same task (Ruiz-Muñoz et al., 2011) as well as others (Bushnell et al., 2001; Cañadas et al., 2005) .
We considered that the behavioral deficit upon PTN and CPF injections might be secondary to motor or visual deficits. However, this does not appear to be the case because locomotor activities prior to spatial learning, swimming speed during the task, and visual task performance were indistinguishable in the PTN and CPF groups relative to the VHC.
Analyses of cerebral biomarkers of oxidative damage revealed that acute doses of various OPs were sufficient to produce significant increases in F 2 -IsoPs 11 days after DFP, CPF, and PTN exposure and in the proinflammatory prostaglandin (PGE 2 ) 11 days following CPF, DFP, and PTN (24 h after finishing the learning task). Previous findings have also noted significant increases in F 2 -IsoPs in brain following OP injection (Ambali et al., 2010; Zaja-Milatovic et al., 2009) . However, herein, we observed increased in lipid peroxidation levels in response to DFP exposure absent behavioral deficit in water maze task, suggesting the existence of distinct mechanism of action for DFP compared with CPF and PTN. The effects of PTN and CPF on water maze performance might be related with induction of oxidative stress, as the deficit was positively associated with increased brain lipid peroxidation. In fact, the highest levels of hippocampal F 2 -IsoPs were detected in the PTN group, and this group was the only one showing increased latencies during acquisition of the spatial task.
Is there relation between AChE soluble and particulate form and oxidative stress? Consequently: are CPF, DFP, and PTN using similar mechanisms of action and a similar time course? DFP, CPF, and PTN caused inhibition of both the AChE soluble and particulate forms as well as oxidative damage at 1, 3, 24, and 48 h after exposure. Only the DFP 48 h group failed to elicit a significant inhibition of AChE soluble and interestingly was unaccompanied by increased levels of F 2 -IsoPs (Table 3) . This relationship between AChE inhibition and oxidative damage has been previously corroborated. For example, Kazi and Oommen (2012) found that persistent high AChE inhibition in the striatum and hippocampus (> 67%) was correlated with increased lipid peroxidation. Taken together, these data support the existence of additional and alternative mechanisms of OP toxicity, in addition to hypercholinergic toxicity (Casida and Quistad, 2004; Pope, 1999; Qiao et al., 2005) . In general, the AChE soluble activity showed lower inhibition compared with the particulate form (Table 3) . This may reflect upon the relatively longer time that is required for assembly, transport, and membrane insertion (Perrier et al., 2005) of the tetrameric form, overall contributing to its slower recovery.
Recovery of AChE activity appears to be linked to changes in AChE gene expression (Soreq and Seidman, 2001 ). Analogous to observations post soman exposure or stress induced by immobilization (Perrier et al., 2005) , we failed to detect changes in the level of brain transcripts encoding AChE-S. These results are consistent with the inability of OPs induced AChE inhibition to upregulate RNA encoding the synaptic form of the enzyme. However, the level of AChE-R transcript increased (in the PTN 48 h group; Fig. 4 ). Several studies have reported that OPs exposure as well as immobilization increases AChE-R transcription (Evron et al., 2007; Perrier et al., 2005) , resulting in greater abundance in the soluble and monomeric form, which lacks cellular adhesion properties (Farchi et al., 2007; Soreq and Seidman, 2001) .
In addition, a neuroprotective role has been ascribed to AChE-R in aging-dependent neuronal decline as well as neuropathologies, such as Aβ-induced AD (Berson et al., 2008) . AD patients showed increased production of AChE-R mRNA resulting from a feedback mechanism following the degradation or downregulation of AChE-R protein (Berson et al., 2008) . However, herein, as in previous reports (Perrier et al., 2005) , the overexpression of the AChE-R transcript did not produce an increase in the active AChE soluble form. Additional studies should be carried out to evaluate the contribution of AChE-R to the activity of the soluble form as well as its relationship to the behavioral deficits.
It is noteworthy that the PTN group preferentially swam into the external zone in the spatial task (Fig. 1, panel B) . This interesting relationship between thigmotaxis and the AChE-R variant upon PTN treatment is corroborated by a role for AChE-R in anxiogenic effects of predator stress in mice (Adamec et al., 2008) .
APH was potently inhibited only by DFP 1, 3, and 48 h after exposure; nevertheless, after CPF and PTN no changes were observed in APH activity relative to VHC. Several studies corroborate APH inhibition after DFP exposure (Quistad et al., 2005; Richards et al., 2000) with 6-and 10-fold greater inhibition with DFP versus AChE. Others have also noted that APH is more sensitive to DDVP than AChE. The former is the parent compound of metrifonate, a therapeutic agent for AD-associated cognitive impairment (Pancetti et al., 2007) . Several studies have shown that APH can degrade the amyloid beta peptide (Yamin et al., 2009) . Our data confirm that APH activity is inhibited by DFP (Table 3) linking OP exposure and high levels of APH inhibition.
We recognize several limiting factors in our findings. One limitation resides in the need to evaluate the toxicokinetic profiles of the three OPs used. CPF and PTN are structural analogs, derivatives of diethyl thiophosphoric acid; they do not directly inhibit AChE and they must first be metabolized to the active metabolite (CPF-oxon and paraoxon) (Costa, 2006; Pope et al., 2005) . This is not the case for DFP, which is an active anticholinesterase. Despite of numerous studies indicating neurobehavioral effects upon OP exposure, it has yet to be clarified whether these effects are related to the parent OP or their active metabolite (oxon). For example, recent studies have pointed to the role of paraoxonase (PON1), an A-esterase, which hydrolyzes the oxons of CPF and PTN. This enzyme plays a significant role in the detoxification and modulation of OP toxicity (Cole et al., 2011 (Cole et al., , 2012 . One of these studies failed to find neurobehavioral effects after CPF-oxon exposure during postnatal development (Cole et al., 2012) . However, previous reports from the same authors demonstrated effects of neonatal CPF-oxon exposure on gene expression and AChE activity, both of which were modulated by the PON1 status (Cole et al., 2011) . Although the objective of this study was not to compare OPs pharmacokinetics, we point to the need on future experiments to address how toxicokinetic differences might impinge upon the results presented herein.
Another limitation is related to the validity of these results for risk extrapolation in humans. We acknowledge that the route of OP exposure (subcutaneous) and the high doses used (> 80% of AChE inhibition without signs of toxicity) reflect a limited human exposure scenario. Nevertheless, in addition to the primary route of exposure via dietary ingestion, OPs can also be absorbed dermally (Eaton et al., 2008) . In this sense, several studies have confirmed that different routes of exposure and administration vehicles can have asignificant impact on OPs pharmacokinetics and pharmacodynamics (Smith et al., 2009) . Here, rats were injected subcutaneously, as the closest approximation to a dermal exposure (Cole et al., 2012) . Despite this limitation, it needs to be emphasized that the subcutaneous route could be relevant for occupational exposure where a slow dermal absorption represents an adequate exposure model. In addition, acute exposure to maximal tolerated doses of different OPs reflect a restricted human poisoning to accidental and suicidal scenarios.
In conclusion, our first experiment shows the following: Short-term cognitive and emotional deficits after acute CPF and PTN exposure in a learning task. Moreover, CPF, DFP, and PTN induce oxidative stress and delayed inflammatory responses. Results from the second experiment indicated that the three OPs inhibit AChE activity to a similar degree with both the soluble and particulate forms being equally affected. Moreover, changes in oxidative stress might be associated with severe AChE inhibition. In addition, our results establish changes in AChE-R mRNA only after PTN exposure. APH is potently inhibited by DFP, but not by CPF and PTN; therefore, this enzyme does not appear to be more sensitive to high doses of OPs than AChE. Taken together, our findings suggest the existence of different mechanism/s and time course for OP-induced neurotoxicity, which is most likely mediated secondary to the different toxicokinetic profile of the three OPs tested herein. 
